Abstract Purpose: To elucidate the molecular mechanisms contributing to the unique clinicopathologic characteristics of mucinous ovarian carcinoma, global gene expression profiling of mucinous ovarian tumors was carried out. Experimental Design: Gene expression profiling was completed for 25 microdissected mucinous tumors [6 cystadenomas, 10 low malignant potential (LMP) tumors, and 9 adenocarcinomas] using Affymetrix U133 Plus 2.0 oligonucleotide microarrays. Hierarchical clustering and binary tree prediction analysis were used to determine the relationships among mucinous specimens and a series of previously profiled microdissected serous tumors and normal ovarian surface epithelium. PathwayAssist software was used to identify putative signaling pathways involved in the development of mucinous LMP tumors and adenocarcinomas. Results: Comparison of the gene profiles between mucinous tumors and normal ovarian epithelial cells identified 1,599, 2,916, and 1,765 differentially expressed in genes in the cystadenomas, LMP tumors, and adenocarcinomas, respectively. Hierarchical clustering showed that mucinous and serous LMP tumors are distinct. In addition, there was a close association of mucinous LMP tumors and adenocarcinomas with serous adenocarcinomas. Binary tree prediction revealed increased heterogeneity among mucinous tumors compared with their serous counterparts. Furthermore, the cystadenomas coexpressed a subset of genes that were differentially regulated in LMP and adenocarcinoma specimens compared with normal ovarian surface epithelium. PathwayAssist highlighted pathways with expression of genes involved in drug resistance in both LMP and adenocarcinoma samples. In addition, genes involved in cytoskeletal regulation were specifically up-regulated in the mucinous adenocarcinomas. Conclusions:These data provide a useful basis for understanding the molecular events leading to the development and progression of mucinous ovarian cancer.
Epithelial ovarian cancer is the fourth leading cause of cancer deaths in women in the United States (1) . An estimated 22,220 new cases of this malignancy will be diagnosed, and f16,210 deaths attributed to this disease in the United States during 2005 (1) . This high case fatality rate is due in part to the fact that the majority of patients (75%) are diagnosed after extraovarian spread of the disease has occurred. The 5-year survival rate for women with the late-stage disease is 25% compared with a rate of >90% for women with early-stage (2, 3) .
The histologic classification of ovarian carcinomas is based on morphologic criteria and corresponds to the different types of epithelia in the female reproductive system, including papillary serous, mucinous, endometrioid, clear cell, and Brenner (transitional; ref. 4) . Each class has been further subclassified into benign, malignant, and borderline or low malignant potential (LMP) to reflect their histopathology. Mucinous ovarian tumors account for 12% to 15% of all ovarian neoplasms. The majority of mucinous ovarian tumors are benign (75%), whereas borderline and adenocarcinomas account for 10% and 15%, respectively (4) .
Although mucinous ovarian tumors represent a small subset of ovarian carcinomas, they possess distinct clinical characteristics. First, there is a high frequency of intestinal differentiation in LMP and malignant subtypes of mucinous tumors, which is also observed in metastatic gastrointestinal neoplasms. The similarity in morphology among these tumors necessitates the performance of an appendectomy and the use of specific immunostains to reliably distinguish mucinous ovarian cancers from those of gastrointestinal origin (5) . Second, mucinous LMP tumors without invasive metastasis are typically treated by surgical removal alone and result in excellent survival (6, 7) . Mucinous LMP tumors with invasive metastasis are frequently treated with chemotherapy after surgery although its effectiveness remains controversial (8) . Advanced mucinous ovarian adenocarcinomas respond poorly to first-line platinum-based chemotherapy compared with other epithelial ovarian tumors (9) . Consequently, the aggressive nature of advanced-stage mucinous ovarian cancers results in a significantly reduced survival rate for women with these tumors when compared with other histologic subtypes (10) (11) (12) . Finally, there is increasing evidence, both molecular and pathologic, supporting a unique progression model for mucinous ovarian cancer. Several studies have suggested that a proportion of mucinous ovarian cancers, unlike other histologic subtypes, such as serous, progresses from a benign cyst to an LMP tumor before developing into an adenocarcinoma. Evidence to support this transitional progression paradigm comes from electron microscopy studies, histology, and the coexistence of cells with varying degrees of malignancy in mucinous ovarian cancer, including studies of mucinous carcinomas demonstrating the presence of prominent foci of benign-appearing or atypical mucinous epithelium (13, 14) . In addition, transitions between benign and malignant areas are seen in 80% malignant mucinous adenocarcinomas (15) . Further studies have shown similar molecular alterations in all mucinous ovarian tumor types. For example, identical K-ras mutations are frequently found in coexisting borderline and invasive epithelia within a mucinous tumor (16) . More importantly, these mutations are not related to the stage of the disease in mucinous tumors, unlike nonmucinous tumors, suggesting a continuum in the development of this cancer (17) (18) (19) (20) . Given these unique attributes of mucinous ovarian tumors, there is a need to carry out further studies that will decipher and elucidate the observed morphologic, immunohistochemical, and molecular characteristics they exhibit.
Gene expression profiling has been used to identify important genes contributing to the process of ovarian tumorigenesis and delineate differences between tumors of different histology and stage (21) . To further understand the unique clinicopathologic characteristics of mucinous ovarian carcinoma, we developed gene expression profiles for a set of mucinous ovarian tumors using the Affymetrix U133 Plus 2.0 oligonucleotide array (Affymetrix, Santa Clara, CA), which represents over 47,000 transcripts and variants, and compared these with profiles of papillary serous tumors. The addition of 10 normal ovarian surface epithelium (OSE) brushings facilitated tumor to normal class comparisons. Our microarray analysis suggests that mucinous LMP tumors and adenocarcinomas are most closely related to serous adenocarcinomas. Furthermore, the close association of LMP and adenocarcinomas, relative to their serous counterparts, implies that they may follow an incremental course of development culminating in advanced disease. Finally, we identified differentially expressed genes that may contribute to the distinct characteristics of mucinous tumors.
Materials and Methods

Tissue samples
A total of 25 mucinous specimens (6 cystadenomas, 11 LMP tumors, and 8 adenocarcinomas) were analyzed in this study. In addition, a series of previously completed serous (20 LMP tumors and 20 adenocarcinomas) and 10 normal OSE arrays were included (Table 1; ref. 22 ). All of the tumor specimens were obtained from previously untreated ovarian cancer patients at the Brigham and Women's Hospital (Boston, MA) and verified by a gynecologic oncology pathologist (W.R. Welch) before their use. The classification of the tumor specimens was determined according to the International Federation of Gynecology and Obstetrics standards. Appendixes from all cases were removed to confirm that they had normal histopathology. Normal OSE isolates were obtained from the ovaries of patients undergoing surgery or other gynecologic diseases. All of the specimens used in this study, and their corresponding clinical information, were procured according to the Institutional Review Board protocols.
Microdissection
Frozen tumor samples were sectioned (7 Am) and affixed onto FRAME slides (Leica, Germany). They were subsequently fixed (70% ethanol, 30 seconds), stained (1% methyl green), rinsed in deionized water, and air-dried. Microdissection was carried out under an MD LMD laser microdissecting microscope (Leica, Germany). Tumor cells (20,000-25,000) were collected and used in the isolation of RNA. The acquisition and cellular characterization of the OSE specimens has been described previously (23) .
RNA isolation and quality analysis
Total RNA was extracted from tumor cells and OSE brushings using RNeasy Micro kit (Qiagen, Valencia, CA) according to the instructions of the manufacturer. The quality and quantity of the isolated RNA was analyzed using a Bioanalyzer 2100 system (Agilent, Palo Alto, CA).
Amplification of RNA and array hybridization
A two-cycle amplification protocol (Affymetrix) was used to generate sufficient cRNA for microarray analysis according to the recommendations of the manufacturer. Briefly, 10 ng total RNA was used in the first-round synthesis of double-stranded cDNA. The RNA was reverse transcribed using a two-cycle cDNA synthesis kit (Affymetrix) followed by amplification using a MEGAscript T7 kit (Ambion, Austin, TX). The cRNA generated from the first-round synthesis was cleaned using a GeneChip sample clean-up Module IVT column (Affymetrix). The second-round double-strand cDNA amplification was carried out using an IVT labeling kit (Affymetrix). The resulting biotin-labeled cRNA was purified using an IVT clean-up kit (Affymetrix) and quantified using a UV spectrophotometer (A 260/280 ; Beckman, Palo Alto, CA). An aliquot (15 Ag) of cRNA was fragmented by heat and ion-mediated hydrolysis at 94jC for 35 minutes. Fragmented cRNA was hybridized in a hybridization oven (16 hours, 45jC) to a human genome U133 Plus 2.0 GeneChip oligonucleotide array (Affymetrix) representing 47,000 transcripts and variants, including 38,500 well-characterized human genes. The washing and staining of the arrays with phycoerythrin-conjugated streptavidin (Molecular Probes, Eugene, OR) was completed in Fluidics Station 450 (Affymetrix). The arrays were subsequently scanned using a confocal laser GeneChip Scanner 3000 and GeneChip operating software (Affymetrix).
process and analyze data using the R version 2.0.1 environment. Hybridization control probe sets and probe sets scored either as absent at a 1 = 0.05 or marginal at a 2 = 0.065 were excluded from further analysis. Only those transcripts present in >50% of the arrays and displaying a variance in the top 50th percentile were evaluated further. To ensure that microdissected samples were not contaminated with infiltrating leukocytes, which might affect the quality of the data analysis, CD45 gene expression was assessed across all of the microarrays. For all 75 arrays, CD45 expression could not be reliably detected at a normalized signal intensity >100, indicating that there was no significant leukocyte contamination.
Hierarchical clustering and binary tree analysis. Hierarchical clustering was done on the filtered data set using a 1-correlation with centroid linkage in dChip version 1.3 software (24) . To further determine the relationships among the different pathologic subtypes within each tumor type, binary tree analysis was done in Biometric Research Branch ArrayTools using a diagonal linear discriminant prediction method. This analysis determined the misclassification of samples within each class (subtype) providing an independent assessment of relationships among the specimens based on their expression profile.
Class comparison and pathway analysis. Differentially expressed genes were identified for tumor versus tumor and tumor versus OSE analyses using a multivariate permutation test in Biometric Research Branch ArrayTools. A total of 2,000 permutations were completed to identify the list of probe sets containing fewer than 10 false positives at a confidence of 95%. Differential expression was considered significant at P < 0.001. A random-variance t test was selected to permit the sharing information among probe sets within class variation without assuming that all of the probe sets possess the same variance. A global assessment of whether expression profiles were different between classes was also done. During each permutation, the class labels were reassigned randomly and the P values for each probe set were recalculated. The proportion of permutations yielding at least as many significant genes as the actual data set at P < 0.001 was reported as the significance level of the global test. The identification of coregulated pathways contributing to the phenotypes associated with mucinous LMP tumors and adenocarcinomas was determined using PathwayAssist version 3.0 software (Iobion Informatics LLC, La Jolla, CA). Quantitative real-time PCR (qRT-PCR) was done on 100 ng of amplified cRNA from the 25 mucinous tumors and 10 OSE specimens included in the microarray analysis. Primer sets specific for 14 genes selected from the lists of differentially expressed genes identified for mucinous cystadenoma, LMP, adenocarcinoma samples were used. The housekeeping genes GAPDH, GUSB , and cyclophilin were selected for normalization. An iCycler iQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA) was used in conjunction with QuantiTect SYBR Green RT-PCR kit (Qiagen, Valencia, CA) according to the instructions of the manufacturer. To calculate the relative expression for each gene, the 2 ÀDDC T method was used using an average C T value for the three housekeeping genes (25) .
Immunohistochemistry
Five-micrometer sections of 59 mucinous tumors and six normal ovarian epithelium on a tissue microarray were obtained from the Gynecologic Oncology Group tissue bank. Immunohistochemical analysis was carried out for the AGR2 protein using the ABC kit (Vector Laboratories, Burlingame, CA) according to the instructions of the manufacturer. Briefly, the tissue microarray slide was deparaffinized and rehydrated before hydrogen peroxide treatment for 30 minutes at room temperature. Antigen retrieval was done by microwave heating sections in 10 mmol/L sodium citrate buffer (pH 6) for 5 minutes. After blocking of nonspecific binding, rabbit polyclonal anti-AGR2 (kindly donated by Prof. Jin-San Zhang, Mayo Clinic College of Medicine, Rochester, MN) at a dilution of 1:100 was added and the slides incubated at 4jC overnight. Normal human lung tissue section was used as a positive control (26) . Scoring of immunostained sections of normal ovarian epithelium, mucinous cystadenoma, LMP, and adenocarcinoma specimens was based on the percentage of immunopositive cells (0-100) and staining intensity (0-4).
Results
Hierarchical clustering and binary tree analysis of mucinous and serous LMP tumors and adenocarcinomas. Genome-wide expression profiles for 19 microdissected mucinous ovarian LMP tumors and adenocarcinoma specimens were generated using the Affymetrix U133 Plus 2.0 GeneChip oligonucleotide microarray. Data filtering identified f18,559 probe sets possessing an informative signal intensity in >50% of the arrays and a variance in the top 50th percentile. These data were compared with previously completed profiles for 40 microdissected serous tumors and 10 OSE brushings. To characterize the relationships among these serous and mucinous samples, 1-correlation metric using centroid linkage was applied to all 18,559 probe sets. A dendrogram containing two distinct arms was identified (Fig. 1A) . Serous LMP tumors were most closely allied with OSE specimens (Fig. 1A, node A) , whereas serous high-grade and mucinous LMP tumors associated at node B. Among the mucinous tumors, low-grade cancers were aligned with the LMP tumors in a single group (Fig. 1A, node C) . High-grade mucinous adenocarcinomas formed a distinct branch at node C. Despite the existence of well-defined clusters, a minority of specimens failed to classify correctly, including two serous LMP tumors and a low-grade mucinous cancer.
To further resolve the relationships among serous and mucinous LMP tumors and adenocarcinomas, binary tree prediction using a diagonal linear discriminant predictor was applied to the 18,559 informative probe sets used in the hierarchical clustering analysis at a threshold of 0.5 (Fig. 1B) . Only tumor specimens were included in the analysis to ensure the predictor would optimally resolve the relationships among the tumor classes. An estimation of the prediction error of the classifier was obtained using leave-one-out cross-validation of the entire tree building process. At node A of Fig. 1B , a misclassification rate of 7.5% was observed between serous LMP and high-grade tumors. Mucinous LMP and grades 1 and 2 adenocarcinomas were nearly indistinguishable with a misclassification rate of 40.0% (Fig. 1B, node B) . High-grade mucinous tumors were classified as distinct from LMP and grade 1 Fig. 2 . Unsupervised hierarchical clustering and binary tree analysis of mucinous tumors. A, hierarchical clustering showed mucinous cystadenomas clustering independently (node A), whereas the remaining mucinous tumors were closely associated (node C). B, binary analysis revealed a small misclassification rate for mucinous cystadenomas. In contrast, LMP and adenocarcinoma samples retained a larger misclassification rates (nodes B and C). Percentages indicate the misclassification error associated with each node. (Fig. 1B, node C) ; however, a 21.1% misclassification rate implies that mucinous LMP and grades 1 and 2 adenocarcinomas are more closely related than their serous counterparts.
Hierarchical clustering and binary tree analysis of mucinous tumors. To ascertain the relationship among all mucinous tumors, a series of mucinous cystadenomas were included in an unsupervised analysis using 12,871 probe sets. Hierarchical clustering using 1-correlation metric with centroid linkage revealed distinct grouping ( Fig. 2A) of the cystadenomas at node A, whereas the LMP and adenocarcinoma specimens retained their clustering relationships. Binary tree analysis identified a misclassification rate of 8.8% between the mucinous cystadenomas and the other tumors during binary tree analysis ( Fig. 2A) , suggesting that there are a number of coregulated genes shared among these groups. In addition, mucinous LMP, grade 1, and grade 2 tumors possessed misclassification rates (Fig. 2B , nodes B and C) comparable with those observed in Fig. 1B .
Identification of differentially regulated genes among mucinous tumors and normal OSE. To identify differentially expressed genes accounting for the phenotypes associated with mucinous ovarian LMP tumors and adenocarcinomas, filtering was completed for all 75 arrays to facilitate tumor versus OSE class comparisons. A total of 1,599, 2,916, and 1,765 genes were identified for mucinous cystadenoma, LMP tumors, and grades 1 and 2 adenocarcinomas, respectively, using a multivariate permutation test providing 95% confidence the number of false discoveries did not exceed 10 at P < 0.001. Each comparison returned a global significance value <0.05, indicating the number of identified probe sets would not be expected at random. A complete list of differentially regulated gene probes sets for each mucinous tumor type is detailed as Supplementary Data. Having identified differentially expressed genes between each mucinous tumor type and normal OSE, genes encoding secretory and membrane-bound proteins, which may serve as unique markers of the ovarian mucinous phenotype, were compiled (Table 2A ). In addition, we identified genes that may contribute to tumor progression or serve as effectors of this process in mucinous ovarian cancer. This was accomplished by ensuring that (a) the genes were only differentially expressed in LMP (Table 2B) or adenocarcinoma (Table 2C) specimens versus normal OSE, and (b) they remained differentially regulated when compared directly to the cystadenoma samples (a complete list is available as Supplementary Data).
Identification of signaling pathways in mucinous ovarian cancer. PathwayAssist software was used to determine the interaction of differentially expressed genes identified in the microarray analysis and postulate how these interactions might contribute to the clinicopathologic features of mucinous ovarian cancer. Figure 3 illustrates the interactions among some of the differentially regulated genes in both mucinous LMP tumors and adenocarcinomas. The genes comprising the pathway have been implicated in the development of multidrug resistance (ABCC3 and ABCC6), signal transduction (SPRY1 and CAV-1), cytoskeleton rearrangement/signal transduction (RAC1, CDC42, RALA, IQGAP2, Cortactin), cell cycle regulation, and proliferation (CCND1, ERBB3, transforming growth factor-a), and transformation (c-JUN, K-ras2, ECT2 YES1; Fig. 3 ). Genes involved in the development of drug resistance were consistently up-regulated in both mucinous LMP and adenocarcinoma specimens, suggesting that development of drug resistance mechanisms in mucinous ovarian tumors is an early event. In addition, genes involved in cell cycle regulation, cellular proliferation, and transformation were also up-regulated in both LMP and carcinomas. Conversely, the majority of genes involved in cytoskeletal modulation and motility were up-regulated in adenocarcinomas. With the exception of WT1, CAV1, c-JUN, and MUC1, which were differentially regulated in all the mucinous ovarian tumors, the remaining genes in the pathway were only differentially expressed in the LMP tumors and adenocarcinomas. This suggests that a subset of genes associated with the ovarian mucinous phenotype might be involved in the progression of mucinous ovarian cancer.
Microarray validation. To assess the accuracy of the microarray, 14 genes identified as differentially expressed between the mucinous cystadenomas, LMPs, or adenocarcinomas versus normal OSE were evaluated by qRT-PCR (Fig. 4) . Although all 14 genes were successfully validated, the quantitative changes exhibited by the selected genes, albeit consistent between the two techniques, did not exactly correlate between the qRT-PCR and microarray analysis. This may be a reflection of the differences in sensitivity between the two techniques. In addition, previous studies have shown that the two techniques are affected by the separation between the PCR primers and microarray probes as well as the number of absent calls made during normalization of the microarray data (27) .
To further validate the microarray results, we selected a differentially expressed gene, AGR2, for which there was an available antibody and did immunohistochemical staining. The AGR2 protein was completely absent in normal ovarian Fig. 4 . Validation of microarray data using qRT-PCR. Fourteen randomly selected genes were used to validate the microarray data. qRT-PCR data was calculated using the 2
ÀDDCT method with mean fold-change values expressed relative to normal OSE (OSE = 1). Real-time validation confirmed differential expression of (A) seven genes identified in all mucinous tumors. epithelium sections, whereas the mucinous cystadenomas and LMP tumors stained weakly for the protein (Fig. 5A-C) . Both grades 1 and 2 adenocarcinomas displayed moderate staining for AGR2 (Fig. 5D ).
Discussion
Mucinous ovarian cancer represents a unique subset of ovarian cancer. These tumors possess a distinct developmental origin and clinical characteristics. There is molecular and pathologic evidence that there is a progression of mucinous cystadenomas to an LMP tumor before developing into an advanced adenocarcinoma. Advanced-stage disease display aggressive, chemoresistant behavior with patients demonstrating a shorter median survival rate (28) . This contrasts to other ovarian cancer histologic types, such as papillary serous. Our hierarchical clustering showed that mucinous LMP tumors are clearly distinct from their serous LMP counterparts. There was also a close association among mucinous LMP tumors, mucinous adenocarcinomas, and high-grade serous adenocarcinomas, which may support the more aggressive phenotype associated with mucinous tumors.
In contrast, binary tree analysis showed a clear partition between high-grade serous and the mucinous tumors. This discrepancy may be associated with the unique algorithms underlying each analysis. Whereas hierarchical clustering sequentially merges all of the samples commencing with the first two expression profiles most similar to each other, binary tree prediction begins with all of the specimens comprising each class and splits them according to the division yielding the fewest cross-validated misclassification errors. Therefore, increased heterogeneity in the dendrogram analysis, compared with the binary prediction, is expected particularly when there is a large distance separating the groups. However, association of the mucinous tumors and high-grade serous cancers in the hierarchical clustering tree does suggest the existence of a coregulated subset of gene that may account for their phenotype.
The clustering relationships identified among the mucinous tumors also have important implications for the development of these tumors. Although the origin of mucinous ovarian tumors remains unclear, genetic data suggests that these tumors follow a course of progression commencing with a benign cystadenoma, which is followed by development of Fig. 4 Continued. Real-time validation confirmed differential expression of (B) seven genes differentially expressed in mucinous LMP tumors and adenocarcinomas, which were not scored as present during normalization. Of these genes, ELF3, ID4, AGR2, NET1, IQGAP2, PROMININ2, and SPROUTY1 have not been previously reported in ovarian cancer.
an LMP tumor, before the onset of invasive disease. This is evidenced by the frequent occurrence of ras mutations in mucinous LMP tumors and adenocarcinomas (17 -20, 28) . In contrast, mutations in bRAF and K-ras are observed in serous LMP, but not adenocarcinomas, implying that these tumors may develop independently of each other (29, 30) . As shown in the hierarchical clustering analysis, serous LMP tumors and adenocarcinomas group in distinct arms of the dendrogram, whereas mucinous tumors were closely associated in a single branch. Binary tree analysis confirmed this observation with mucinous tumors displaying a high degree of misclassification, compared with their serous counterparts. These data supports a model whereby mucinous ovarian cancer evolves from an LMP intermediary tumor to an adenocarcinoma.
Analyzing mucinous cystadenomas with the LMP and adenocarcinoma samples revealed distinct clustering of the cystadenomas on a separate arm, as would be expected given their unique clinical and molecular behavior (31) . Binary tree analysis, however, implied that there is a subset of coregulated genes shared between the cystadenomas and other mucinous tumors. This observation was supported by qRT-PCR validation of AGR2, CAV1, ELF3, ID4, and WT1 in all of the mucinous tumors. Of particular interest were putative markers present among the coexpressed genes, which were not differentially regulated in the serous specimens. Differential expression across all of the tumors suggests that these genes may be associated with the development of the mucinous phenotype.
In turn, they may also play a role in the clinical development of mucinous LMP tumors and adenocarcinomas when differentially expressed within these contexts.
As suggested by the hierarchical clustering analysis, a number of genes were also differentially regulated in the LMP tumors and adenocarcinomas but were not differentially regulated in the cystadenomas versus OSE. Included among these genes were NET1 and ERBB3. Previous studies have found that NIH3T3 cells transfected with NET1 show altered growth properties and increased tumorigenicity in vivo, whereas ERBB3 has been shown to promote growth and invasiveness in lung adenocarcinoma (32, 33) . Based on these data, up-regulation of NET1 and ERBB3 in LMP and adenocarcinoma tumors may participate in the initiation of the transformation process in mucinous ovarian cancer. Of course, although these genes might be relevant to the biology of the tumor, differential expression of these genes may only be a consequence of tumorigenesis. Further studies need to be carried out to elucidate the mechanisms underlying the actions of these genes in mucinous ovarian cancer.
PathwayAssist software was used to identify coregulated signaling pathways that may contribute to the development of mucinous ovarian cancer. Although a small subset of the genes (MUC1, WT1, CAV1, and c-JUN) contained in the pathway were also differentially expressed in the cystadenomas, most of the genes involved in cell cycling, drug transport, and cytoskeletal rearrangement were only differentially expressed in the LMP tumors and adenocarcinomas. Our data identified ABCC3 and ABCC6, which are involved in the development of multidrug resistance, as up-regulated in both mucinous LMP and mucinous adenocarcinomas compared with mucinous cystadenomas. Previous studies have shown that ABCC3 mRNA levels are elevated in advanced ovarian serous adenocarcinoma (34) . ABCC6 expression, however, has not been documented in ovarian carcinomas. Sustained overexpression of ABCC3 and ABCC6 in LMP and advanced mucinous tumors suggests that deregulation of these genes may occur early in the development of the disease. Furthermore, this observation would account for the failure of patients presenting with advanced disease to respond effectively to first-line chemotherapy resulting in poor overall prognosis (9, 34, 35) .
A number of genes implicated in cell cycle progression and cellular proliferation were also coexpressed in mucinous LMP and advanced tumors. Transforming growth factor-a, a strong mitogen (36) , and cyclin D1, an important regulator of cell cycle progression (37), were both up-regulated in mucinous LMP tumors and adenocarcinomas. In addition, caveolin-1 (CAV-1) and sprouty1 (SPRY1), which are negative regulators of cell cycle progression, were down-regulated in the LMP and adenocarcinomas (38, 39) .
Interestingly, genes whose proteins modulate cell morphology were up-regulated in mucinous adenocarcinoma and not mucinous LMP specimens. These included CDC42, ECT2, IQGAP2, and Cortactin. Cross-talk among these genes activates various mechanisms involved in cytoskeletal rearrangement (40, 41) . Although there are no reports on the expression of these genes in ovarian cancers, studies in other neoplasia and cancer cell lines show that CDC42 is overexpressed in breast tumor specimens (42) , ECT2 in HeLa cells (43) , and Cortactin in breast cancer, where its expression correlates with poor prognosis (44) . The expression of IQGAP2 in cancer is poorly documented; however, IQGAP1 is up-regulated in colorectal (45) and gastric cancer (46) . Up-regulation of these genes in mucinous adenocarcinomas, rather than LMP tumors, suggests that they may contribute to the aggressive nature of mucinous ovarian cancer as the disease progresses to an advanced state.
In summary, hierarchical clustering revealed that mucinous LMP tumors are distinct from their serous counterparts; however, there was a close molecular association between the mucinous LMP tumors, mucinous adenocarcinomas, and serous adenocarcinomas. Further analysis of the relationships among these tumors confirmed the close association of mucinous LMP tumors and adenocarcinomas in agreement with current molecular data. Our data also suggests that mucinous cystadenomas may share common molecular features with malignant mucinous ovarian adenocarcinoma. Finally, pathway analysis identified gene interactions that may influence mucinous ovarian tumorigenesis, as well as genes whose functions might mediate the phenotypes typically associated with these tumors. The data generated from this study form an important basis for further investigation into the relevance of these genes in the efficacious management and prognostic assessment of mucinous ovarian cancer.
